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(57) ABSTRACT 

An apparatus and method for controlling a DC-to-AC inverter 
is disclosed. The DC-to-AC inverter may be configured to 
convert DC power received from an alternative energy source 
to AC power for supplying an AC grid or load. The inverter 
may determine whether the power presently supplied by the 
alternative energy source is less than a predetermined amount 
of power and, if so, disable an output converter of the inverter. 
Additionally, the inverter may predict the voltage of a DC bus 
of the inverter at a future point in time and, if the predicted DC 
bus Voltage is greater thana predetermined maximum DC bus 
Voltage, enable the output converter to transfer energy from 
the DC bus to the AC grid to reduce the DC bus voltage. 
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APPARATUS AND METHOD FOR 
CONTROLLING A POWER INVERTER 

CROSS-REFERENCE TO RELATED U.S. PATENT 
APPLICATION 

This application is a continuation application of U.S. appli 
cation Ser. No. 12/902,083, now U.S. Pat. No. 8,279,649, 
entitled Apparatus and Method for Controlling a Power 
Inverter, which was filed on Oct. 11, 2010, the entirety of 
which is hereby incorporated by reference. 

TECHNICAL FIELD 

The present disclosure relates, generally, to power convert 
ers for converting direct current (DC) power to alternating 
current (AC) power and, more particularly, to apparatuses and 
methods for controlling the power converters. 

BACKGROUND 

Power inverters convert a DC power to an AC power. Some 
power inverters are configured to convert the DC power to an 
AC power Suitable for Supplying energy to an AC grid and, in 
Some cases, an AC load coupled to the AC grid. One particular 
application for such power inverters is the conversion of DC 
power generated by an alternative energy source. Such as 
photovoltaic cells (“PV cells” or “solar cells'), fuel cells, DC 
wind turbine, DC water turbine, and other DC power sources, 
to a single-phase AC power for delivery to the AC grid at the 
grid frequency. 

The amount of power that can be delivered by certain 
alternative energy sources, such as photovoltaic cells (“PV 
cells” or “solar cells'), may vary in magnitude over time 
owing to temporal variations in operating conditions. For 
example, the output of a typical PV cell will vary with varia 
tions in Sunlight intensity, angle of incidence of Sunlight, 
ambient temperature and other factors. Additionally, photo 
Voltaic cells have a single operating point at which the values 
of the current and Voltage of the cell result in a maximum 
power output. This “maximum power point” (“MPP) is a 
function of environmental variables, including light intensity 
and temperature. Inverters for photovoltaic systems typically 
comprise some form of maximum power point tracking 
(“MPPT) as a means of finding and tracking the maximum 
power point (MPP) and adjusting the inverter to exploit the 
full power capacity of the cell at the MPP Extracting maxi 
mum power from a photovoltaic cell requires that the cell 
operate continuously at its MPP; fluctuations in power 
demand, caused, for example, by double-frequency ripple 
power being reflected back into the cell, will compromise the 
ability of the inverter to deliver the cell's maximum power. 
An important parameter used to measure the performance 

of alternative energy source inverters is the efficiency of the 
inverter. Efficiency is typically defined as the ratio of output 
power from the inverter to input power to the inverter. 
Although at first glance, improvement of efficiency appears to 
be a straightforward, improving or otherwise controlling the 
efficiency of alternative energy source inverters can be com 
plicated. Such complications occur because the efficiency of 
the inverter may vary with the output power from the inverter 
(e.g., the efficiency may decrease as the output power 
decreases). Additionally, some measurement protocols 
weight the efficiencies of inverters measurements based on 
the percentage of the rated power. For example, Some mea 
Surement protocols apply a significant weight to the effi 
ciency of the inverter at light loads, which as discussed above 
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2 
may be at the inverter's lower efficiency end. Accordingly, 
improving or otherwise controlling efficiency is an important 
consideration in alternative energy source inverters. 

SUMMARY 

According to one aspect, a method for controlling an 
inverter having an input converter coupled to an output con 
verter via a direct current (DC) bus and configured to deliver 
power from a DC alternative energy source to an alternating 
current (AC) grid at a grid Voltage and a grid phase may 
include determining a first amount of power being Supplied 
by the DC alternative energy source. Additionally, the method 
may include in response to the first amount of power being 
less than a predetermined amount of power: (i) disabling the 
output converter of the inverter, (ii) in response to the AC grid 
Voltage crossing Zero Volts, determining an estimated DC bus 
Voltage for a future Zero-crossing of the AC grid Voltage and 
determining minimum DC bus Voltage, and (iii) in response to 
the estimated DC bus Voltage being greater than a predeter 
mined maximum DC bus Voltage, enabling the output con 
verter of the inverter to transfer energy from the DC bus to the 
AC grid such that the DC bus voltage is reduced to approxi 
mately the minimum DC bus voltage. 

In some embodiments, determining the estimated DC bus 
Voltage may include, in response to a rising Zero-crossing of 
the AC grid Voltage, determining an estimated DC bus Voltage 
for the next rising Zero-crossing of the AC grid Voltage. Addi 
tionally, determining the minimum DC bus Voltage may 
include determining a minimum DC bus Voltage in response 
to the rising zero-crossing of the AC grid voltage. Alterna 
tively, in Some embodiments, determining the estimated DC 
bus Voltage may include, in response to a falling Zero-cross 
ing of the AC grid Voltage, determining an estimated DC bus 
Voltage for the next falling Zero-crossing of the AC grid 
Voltage. 

Additionally, in Some embodiments, determining the esti 
mated DC bus Voltage may include determining the estimated 
DC bus voltage based on the present DC bus voltage and the 
first amount of power. Further, in some embodiments, the DC 
bus may include a DC bus capacitor. In Such embodiments, 
determining the estimated DC bus Voltage may include deter 
mining an estimated DC bus voltage based on the present DC 
bus Voltage, the first amount of power, a capacitance value of 
the DC bus capacitor, and a line frequency of the AC grid. For 
example, determining the estimated DC bus Voltage may 
include determining the estimated DC bus Voltage according 
to the following equation: V. (V)+(2*P)/ 
(C*f, )", wherein V bus next is the estimated DC bus 
Voltage, V is the present DC bus Voltage, P is the first 
amount of power, C is the capacitance of the DC bus 
capacitor, and f is the line frequency of the AC grid. 

Additionally, in some embodiments, the minimum DC bus 
voltage may be determined such that the minimum DC bus 
Voltage is greater than each of (i) the AC grid Voltage and (ii) 
the voltage of the DC alternative energy source. For example, 
the minimum DC bus voltage may be determined such that 
the minimum DC bus Voltage is greater than the maximum of 
(i) the AC grid voltage and (ii) the voltage of the DC alterna 
tive energy source by a predetermined Voltage margin. In 
Some embodiments, determining the minimum DC bus Volt 
age may include determining the minimum DC bus Voltage 
according to the following equation: V, a max 
(V2V is nV.]+V, wherein V. , is the mini 
mum DC bus Voltage, V, is the root-mean-square volt 
age of the AC grid, n is the turn ratio of a transformer of the 
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input converter, V is the Voltage of the alternative energy 
source, and V, is the predetermined Voltage margin. 

Additionally, in Some embodiments, enabling the output 
converter to transfer energy from the DC bus to the AC grid 
may include determining a second amount of power required 
to be transferred from the DC bus to the AC grid to reduce the 
DC bus voltage to approximately the minimum DC bus volt 
age. Additionally, determining the second amount of power 
may include determining a second amount of power required 
to be transferred from the DC bus to the AC grid based on the 
present DC bus voltage and the minimum DC bus Voltage. 
Further, in some embodiments, the DC bus may include a DC 
bus capacitor. In such embodiments, determining the second 
amount of power may include determining a second amount 
of power required to be transferred from the DC bus to the AC 
grid based on the present DC bus voltage, the minimum DC 
bus Voltage, a capacitance value of the DC bus capacitor, and 
a line frequency of the AC grid. For example, in some embodi 
ments, determining the second amount of power may include 
determining the second amount of power according to the 
following equation: P. 0.5*C*(V)-(V)* 
fe wherein P is the second amount of power, C is the 
capacitance of the DC bus capacitor, V is the present DC 
bus Voltage, V, is the minimum DC bus Voltage, and 
f is the line frequency of the AC grid. 

Further, in some embodiments, enabling the output con 
verter of the inverter to transfer energy from the DC bus to the 
AC grid may include determining an output current of the 
output converter based on the first amount of power and the 
second amount of power. Additionally, the method may fur 
ther include enabling the output converter in response to the 
first amount of power being greater than the predetermined 
amount of power in Some embodiments. 

According to another aspect, an inverter to deliver power 
from a direct current (DC) alternative energy source to an 
alternating current (AC) grid at a grid Voltage and a grid phase 
may include an input converter electrically coupled to the DC 
alternative energy source, an output converter electrically 
coupled to the AC grid, a DC bus coupled to the input con 
Verter and the output converter, and a control circuit electri 
cally coupled to the input converter and the output converter. 
The control circuit may be configured to determine a first 
amount of power being Supplied by the DC alternative energy 
Source and, in response to the first amount of power being less 
than a predetermined amount of power, (i) disable the output 
converter, (ii) in response to the AC grid Voltage crossing Zero 
volts, determine an estimated DC bus voltage for a future 
Zero-crossing of the AC grid Voltage and determine minimum 
DC bus voltage, and (iii) in response to the estimated DC bus 
Voltage being greater than a predetermined maximum DC bus 
voltage, enable the output converter of the inverter to transfer 
energy from the DC bus to the AC grid such that the DC bus 
Voltage is reduced to approximately the minimum DC bus 
Voltage. 

In some embodiments, to determine the estimated DC bus 
Voltage may include, in response to a rising Zero-crossing of 
the AC grid voltage, to determine an estimated DC bus volt 
age for the next rising Zero-crossing of the AC grid Voltage. 
Alternatively, in some embodiments, to determine the esti 
mated DC bus Voltage may include, in response to a falling 
Zero-crossing of the AC grid Voltage, to determine an esti 
mated DC bus voltage for the next falling Zero-crossing of the 
AC grid Voltage. 

In some embodiments, the DC bus may include a DC bus 
capacitor. In such embodiments, to determine the estimated 
DC bus voltage may include to determine an estimated DC 
bus voltage based on the present DC bus Voltage, the first 
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amount of power, a capacitance value of the DC bus capacitor, 
and a line frequency of the AC grid. For example, in some 
embodiments, to determine the estimated DC bus voltage 
may include to determine the estimated DC bus voltage 
according to the following equation: V. (Va.)+ 
(2*P.)/(C*f.)", wherein V, , is the estimated DC 
bus Voltage, V is the present DC bus Voltage, P is the first 
amount of power, C is the capacitance of the DC bus 
capacitor, and f is the line frequency of the AC grid. 

Additionally, in some embodiments, the minimum DC bus 
voltage may be determined such that the minimum DC bus 
Voltage is greater than the maximum of (i) the AC grid Voltage 
and (ii) the voltage of the DC alternative energy source by a 
predetermined Voltage margin. For example, in some 
embodiments, to determine the minimum DC bus voltage 
may include to determine the minimum DC bus voltage 
according to the following equation: V, a max 
(V2V is nV.]+V, wherein V. , is the mini 
mum DC bus Voltage, V, is the root-mean-square volt 
age of the AC grid, n is the turn ratio of a transformer of the 
input converter, V is the Voltage of the alternative energy 
Source, and V, is the predetermined Voltage margin. 

In some embodiments, to enable the output converter to 
transfer energy from the DC bus to the AC grid may include to 
determine a second amount of power required to be trans 
ferred from the DC bus to the AC grid to reduce the DC bus 
Voltage to approximately the minimum DC bus Voltage. For 
example, to determine the second amount of power may 
include to determine a second amount of power required to be 
transferred from the DC bus to the AC grid based on the 
present DC bus Voltage, the minimum DC bus Voltage, a 
capacitance value of the DC bus capacitor, and a line fre 
quency of the AC grid. For example, in Some embodiments, to 
determine the second amount of power may include to deter 
mine the second amount of power according to the following 
equation: P-0.5*C*(Va.)-(V, ) *f; 
wherein P is the second amount of power, C is the 
capacitance of the DC bus capacitor, V is the present DC 
bus Voltage, V, , is the minimum DC bus Voltage, and 
f is the line frequency of the AC grid. Additionally, in some 
embodiments, to enable the output converter of the inverter to 
transfer energy from the DC bus to the AC grid may include to 
determine an output current of the output converter based on 
the first amount of power and the second amount of power. 

According to a further aspect, an apparatus may include a 
Solar panel comprising a solar cell configured to generate a 
first direct current (DC) waveform in response to receiving an 
amount of Sunlight and an inverter coupled to the Solar cell 
panel and configured to receive the first DC waveform and 
convert the first DC waveform to an output alternating current 
(AC) waveform supplied to an AC grid. The inverter may 
include an input converter electrically coupled the solar cell 
and a DC bus. The input converter may be configured to 
convert the first DC waveform to a second DC waveform 
supplied to the DC bus. The inverter may also include an 
output converter electrically coupled to the DC bus and con 
figured to convert the second DC waveform to the output AC 
waveform at an AC grid Voltage and frequency. The inverter 
may further include a control circuit electrically coupled to 
the input converter and the output converter, the control cir 
cuit to: determine a first amount of power being Supplied by 
the DC alternative energy source and, in response to the first 
amount of power being less than a predetermined amount of 
power, (i) disable the output converter, (ii) in response to the 
AC grid Voltage crossing Zero Volts, determine an estimated 
DC bus voltage for a future zero-crossing of the AC grid 
Voltage and determine minimum DC bus Voltage, and (iii) in 



US 8,817,510 B2 
5 

response to the estimated DC bus Voltage being greater than a 
predetermined maximum DC bus voltage, enable the output 
converter of the inverter to transfer energy from the DC bus to 
the AC grid such that the DC bus voltage is reduced to 
approximately the minimum DC bus Voltage. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simplified block diagram of one embodiment a 
system for converting DC power to AC power; 

FIG. 2 is a simplified block diagram one embodiment of an 
AC photovoltaic module of the system of FIG. 1; 

FIG.3 is a simplified block diagram of one embodiment of 
an inverter of the system of FIG. 1; 

FIGS. 4 and 5 are simplified schematic diagrams of the 
inverter of FIG. 3; 

FIG. 6 is a simplified flow diagram of one embodiment of 
a method for controlling the inverter of FIG. 3; 

FIG. 7 is a simplified block diagram of a control topology 
of the inverter of FIG. 3; and 

FIGS. 8-10 are simulated waveforms of the inverter of FIG. 
3. 

DETAILED DESCRIPTION 

While the concepts of the present disclosure are suscep 
tible to various modifications and alternative forms, specific 
exemplary embodiments thereofhave been shown by way of 
example in the drawings and will herein be described in 
detail. It should be understood, however, that there is no intent 
to limit the concepts of the present disclosure to the particular 
forms disclosed, but on the contrary, the intention is to cover 
all modifications, equivalents, and alternatives falling within 
the spirit and scope of the invention as defined by the 
appended claims. 

References in the specification to “one embodiment”, “an 
embodiment”, “an example embodiment’, etc., indicate that 
the embodiment described may include a particular feature, 
structure, or characteristic, but every embodiment may not 
necessarily include the particular feature, structure, or char 
acteristic. Moreover, Such phrases are not necessarily refer 
ring to the same embodiment. Further, when a particular 
feature, structure, or characteristic is described in connection 
with an embodiment, it is submitted that it is within the 
knowledge of one skilled in the art to effect such feature, 
structure, or characteristic in connection with other embodi 
ments whether or not explicitly described. 
Some embodiments of the disclosure, or portions thereof, 

may be implemented in hardware, firmware, software, or any 
combination thereof. Embodiments of the disclosure may 
also be implemented as instructions stored on a tangible, 
machine-readable medium, which may be read and executed 
by one or more processors. A machine-readable medium may 
include any mechanism for storing or transmitting informa 
tion in a form readable by a machine (e.g., a computing 
device). For example, a machine-readable medium may 
include read only memory (ROM); random access memory 
(RAM); magnetic disk storage media; optical storage media; 
flash memory devices; and others. 

Referring to FIG. 1, a system 100 for supplying alternating 
current (hereinafter AC) power to an AC grid 102 at a grid 
frequency includes a direct current (hereinafter “DC”) source 
104 and an inverter 106. The DC source 104 may be embodied 
as any type of DC Source configured to generate or produce a 
DC power, which is supplied to the inverter 106. For example, 
the DC power may be embodied as a photovoltaic solar cellor 
array, a fuel cell, a wind turbine configured to generate a DC 
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6 
power (e.g., via a rectifying circuit), a water turbine config 
ured to generate a DC power, or other unipolar power source. 
The inverter 106 is electrically connected to the DC source 

104 and configured to convert a DC waveform generated by 
the DC source 104 to an AC waveform suitable for delivery to 
the AC grid 102 and, in some embodiments, loads coupled to 
the AC grid 102. The AC grid may be embodied as, for 
example, a utility power grid that Supplies utility AC power to 
residential and commercial users. Such utility power grids 
may be characterized as having an essentially sinusoidal 
bipolar voltage at a fixed grid frequency (e.g., f(t)/21L 50 Hz 
or 60 Hz). 
The inverter 106 includes a plurality of circuits to facilitate 

the conversion of the DC power to the AC power as discussed 
in more detail below. In some embodiments, the inverter 106 
may include one or more processing circuits 108 and one or 
more memory circuits 110. The processing circuit 108 may be 
embodied as any type of processor and associated circuitry 
configured to perform one or more of the functions described 
herein. For example, the processing circuit 108 may be 
embodied as or otherwise include a single or multi-core pro 
cessor, an application specific integrated circuit, a collection 
of logic devices, or other circuits. The memory circuits 110 
may be embodied as read-only memory devices and/or ran 
dom access memory devices. For example, the memory cir 
cuit 110 may be embodied as or otherwise include dynamic 
random access memory devices (DRAM), synchronous 
dynamic random access memory devices (SDRAM), double 
data rate dynamic random access memory devices (DDR 
SDRAM), and/or other volatile or non-volatile memory 
devices. The memory circuits 108 may have stored therein a 
plurality of instructions for execution by the processing cir 
cuits to control particular functions of the inverter as dis 
cussed in more detail below. 
As discussed above, in Some embodiments, the DC source 

104 may be embodied as one or more photovoltaic cells. In 
such embodiments, the DC source 104 and the inverter 106 
may be associated with each other to embodied an AC pho 
tovoltaic module (ACPV) 112 as illustrated in FIG. 2. The 
ACPV 112 includes a DC photovoltaic module (DCPV) 114, 
which operates as the DC source 104, electrically coupled to 
the inverter 106. The DCPV 114 includes one or more pho 
tovoltaic cells and is configured to deliver a DC waveform to 
the inverter 106 in response to receiving an amount of Sun 
light. The DC power delivered by the ACPV 112 is a function 
of environmental variables, such as, e.g., Sunlight intensity, 
Sunlightangle of incidence and temperature. In some embodi 
ments, the inverter 106 is positioned in a housing 116 of the 
ACPV 112. Alternatively, the inverter 106 may include its 
own housing 118 secured to the housing 116 of the ACPV 
112. Additionally, in some embodiments, the inverter 106 is 
separate from the housing 116, but located near the DCPV 
114. As discussed above, the inverter 106 is configured to 
convert the DC power received from the DCPV 114 to an AC 
power suitable for delivery to the AC grid 102 at the grid 
frequency. It should be appreciated that multiple ACPVs 112 
may be used to form a solar array with each ACPV 112 having 
a dedicated inverter 106. 

Referring now to FIG. 3, in one illustrative embodiment, 
the inverter 106 includes an input converter 300 electrically 
coupled to a DC bus 304, an output converter 302 electrically 
coupled to the DC bus 304, and a control circuit 306 electri 
cally coupled to the input converter 300 and the output con 
verter 302. Additionally, in some embodiments, the inverter 
106 may also include an input filter 308 electrically coupled 
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to the input converter 300 and the DC source 104 and an 
output filter 310 electrically coupled to the output converter 
302 and the AC grid 102. 

In the illustrative embodiment, the input converter 300 is 
embodied as a DC-to-DC converter configured to convert low 
voltage DC power to high voltage DC power. That is, the input 
converter 300 converts the DC power received from the DC 
source 104 to a high level DC voltage power, which is sup 
plied to the DC bus 304. The output converter 302 is embod 
ied as a DC-to-AC converter configured to convert the high 
voltage DC power from the DC bus 304 to AC power, which 
is supplied to the AC grid 102 at the grid frequency. 
The control circuit 306 is electrically coupled to the input 

converter 300 and configured to control the operation of the 
input converter 300 to convert the low voltage DC power 
received from the DC source 104 to the high voltage DC 
power supplied to the DC bus 304. Additionally, in some 
embodiments, the control circuit 306 may control the opera 
tion of the input converter based on a maximum power point 
tracking (“MPPT) algorithm or methodology. For example, 
the control circuit 306 may include an MPPT control circuit 
configured to execute an MPPT algorithm such as the MPPT 
algorithm described in U.S. Patent Publication No. 2008/ 
018338, entitled “Ripple Correlation Control Based on Lim 
ited Sampling” by Jonathan W. Kimball et al, which is incor 
porated herein by reference. To do so, the control circuit 306 
may provide a plurality of control signals to various circuits 
of the input converter 300. 
As discussed above, the single-phase power output of the 

inverter 106 includes an average component and a time-vary 
ing component due to variations in the DC source 104 and/or 
demands of the AC grid 102. The time-varying component 
has a frequency Substantially equal to twice the output AC 
waveform (i.e., the grid frequency). Without filtering, such 
double-frequency power ripple must be supplied by the DC 
Source 104 (i.e., the double frequency ripple power propa 
gates back and forth between the AC grid 102 and the DC 
source 104). Such demands on the DC source 104 can result 
in failure or lower performance of the DC source 104 and 
inverter 106. As such, the input filter 308 is configured to filter 
the double-frequency power ripple on the low voltage bus 
from the DC source 104. Similarly, the output filter 310 is 
configured to filter the AC power supplied by the output 
converter 302 prior to being received by the AC grid 102. 
The control circuit 306 is also electrically coupled to the 

output converter 302 and configured to control operation of 
the output converter 302 to convert the DC power of the DC 
bus to AC power suitable for delivery to the AC grid 102. 
Additionally, as discussed in more detail below in regard to 
FIG. 6, the control circuit 306 is configured to control the 
operation of the output converter 302 to improve the effi 
ciency of the inverter 106. In particular, the control circuit,306 
is configured to disable the output converter 302 for periods of 
time during which the DC power generated by the DC source 
104 is below a threshold level. 

Referring now to FIGS. 4 and 5, in one particular embodi 
ment, the input converter 300 includes an inverter circuit 400, 
a transformer 402, and a rectifier 404. The inverter circuit 400 
is embodied as a DC-to-AC inverter circuit configured to 
convert the DC waveform supplied by the DC source 104 to 
an AC waveform delivered to a primary of the transformer 
402. For example, the output converter 302 is illustrative 
embodied as a bridge circuit formed by a plurality of switches 
450, 452, 454, 456. Each of the switches 450, 452, 454, 456 
are configured to receive a corresponding control signal, q, 
q2, qos, qa, from the control circuit 306 to control opera 
tion of the input converter 300. The control circuit may use 
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8 
PWM to control the switches 450,452,454,456 at a relatively 
high Switching frequency (e.g., at a frequency that is Substan 
tially higher than the AC grid frequency). As discussed above, 
output converter 302 converts the DC waveform from the DC 
source 104 to a first AC waveform based on the control signals 
received from the control circuit 306. In the illustrative 
embodiment, the inverter circuit 400 is a embodied as a full 
bridge circuit, but other circuit topologies such as a half 
bridge circuit may be used in other embodiments. Addition 
ally, although each of the switches 450, 452, 454, 456 is 
illustrated as MOSFET devices, other types of switches may 
be used in other embodiments. 
The transformer 402 may be embodied as a two or more 

winding transformer having a primary winding electrically 
coupled to the inverter circuit 400 and a secondary winding 
coupled to the rectifier 404. The transformer 402 is config 
ured to convert the first AC waveform supplied by the inverter 
circuit 400 at the primary winding to a second AC waveform 
at the secondary winding. The first and second AC waveforms 
may have substantially equal frequency and may or may not 
have substantially equal voltages. The illustrative transformer 
402 includes a primary winding 460 electrically coupled to 
the inverter circuit 400 and a secondary winding 462 electri 
cally coupled to the rectifier circuit 404. The transformer 402 
provides galvanic isolation between the primary side con 
verter circuitry (including DC source 104) and the secondary 
side circuitry (including the DC bus 304). The turns ratio of 
the transformer 402 may also provide voltage and current 
transformation between the first AC waveform at the primary 
winding 460 and the second AC waveform at the secondary 
winding 462. 
The rectifier circuit 404 is electrically coupled to the sec 

ondary winding 462 of the transformer 402 and is configured 
to rectify the second AC waveform to a DC waveform sup 
plied to the DC bus 304. In the illustrative embodiment, the 
rectifier 404 is embodied as a full-bridge rectifier formed 
from a plurality of diodes 470, 472, 474, 476. Again, in other 
embodiments, other circuit topologies may be used in the 
rectifier circuit 404. 
The DC bus 304 is coupled to the rectifiercircuit 404 of the 

input converter 300 and to the output converter 302. The DC 
bus 304 is configured to store energy from the input converter 
300 and transfer energy to the output converter 302 as needed. 
To do so, the DC bus 304 is maintained at a high voltage DC 
value and includes a DC bus capacitor 480. The particular 
value of capacitance of the DC bus capacitor 480 is dependent 
on the particular parameters of the inverter 106 such as the 
desired voltage level of the DC bus 304, the expected require 
ments of the AC grid 102, and or the like. 
The output converter 302 is electrically coupled to the DC 

bus 304 and configured to convert the DC bus waveform to the 
output AC waveform, which is filtered by the output filter 310. 
The output converter 302 includes a DC-to-AC inverter cir 
cuit 500 configured to convert the DC waveform supplied by 
the DC bus 304 to an AC waveform delivered to the output 
filter 310. For example, the inverter circuit 500 is illustrative 
embodied as a bridge circuit formed by a plurality of switches 
502,504,506, 508. Each of the switches 502,504,506, 508 
are configured to receive a corresponding control signal, 
qoc, qoc2, qocs, qoca, from the control circuit 306 to con 
trol operation of the inverter 106. As discussed above, the 
control circuit may use PWM to control the switches 502, 
504,506, 508 to generate a pulse width modulated AC wave 
form. Again, it should be appreciated that although the illus 
trative the output converter 302 is embodied as a full-bridge 
circuit, other circuit topologies Such as a half-bridge circuit 
may be used in other embodiments. Additionally, although 
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each of the switches 502, 504, 506, 508 is illustrated as 
MOSFET devices, other types of switches may be used in 
other embodiments. 
The input filter 308 and output filter 310 are configured to 

provide filtering functions of the DC input waveform from the 5 
DC source 104 and the AC output waveform to the AC grid 
102, respectively. The input filter 308 illustratively includes a 
filtering capacitor 490 and a filtering inductor 492. However, 
other filtering components and topologies may be used in 
other embodiments. The output filter 310 is configured to 10 
filter the output voltage by reducing the conducted interfer 
ence and satisfying regulatory requirements. In the illustra 
tive embodiment, the output filter 310 includes differential 
mode inductors 520, 522, a line filter capacitor 524, and 
common-mode inductors 526, 528. Again, however, other 15 
filtering component and topologies may be used in other 
embodiments. 
As discussed above, the control circuit 306 controls the 

operation of the inverter 106. The control circuit 306 includes 
the processing circuitry 108 and memory circuitry 110 and 20 
executes various instructions to effect the control of the 
inverter 106. For example, the control circuit 306 receives 
various input signals from components of the inverter 106. 
such as the input voltage and current from the DC source 104, 
the line Voltage of the AC grid, and other signals, and gener- 25 
ates a desired output current, I. Of course, the output cur 
rent, I, is controlled by controlling the duty cycle of the 
inverter circuit 302 via the control signal, qoc, qo-2, docs, 
qa, which are generated using PWM control circuitry. 
Details of a similar control strategy and inverter topology 30 
using an active filter can be found in U.S. patent application 
Ser. No. 12/563,495, filed on Sep. 21, 2009, entitled "Appa 
ratus and Method for Controlling DC-AC Power Conversion 
and in U.S. patent application Ser. No. 12/563,499, filed on 
Sep. 21, 2009, entitled “Apparatus for Converting Direct Cur- 35 
rent to Alternating Current, both of which are incorporated 
herein by reference. 

Referring now to FIG. 6, in one embodiment, the control 
circuit 306 is configured to disable or otherwise turn off the 
output converter 302 during periods of time in which the 40 
power generated by the DC source 104 is low (e.g., below a 
predetermined threshold). As such, the overall efficiency of 
the inverter 106 is improved in the low input power region by 
selectively turning off the output converter 302. To do so, the 
control circuit 306 may execute a method 600 for controlling 45 
the inverter 106, which may be executed in conjunction with 
other methods to control other functions of the inverter 106. 
The method 600 begins with block 602 in which the control 
circuit 306 determines whether the power generated by the 
DC source 104, P, is greater than a predetermined power 50 
threshold, P. The power generated by the DC source 104, 
P is determined based on the voltage of the DC source 104, 
V, and the current supplied by the DC source 104, I. The 
predetermined power threshold, P. may be selected based 
on any suitable criteria and, in one particular embodiment, is 55 
Set to 67.5 Watts. 

If the power generated by the DC source 104, P, is greater 
than the predetermined power threshold, P., the method 600 
advances to block 603 in which the inverter 106 is operated in 
standard or “run mode.” In run mode, the output converter 302 60 
is enabled and the inverter 106 operates as normal. However, 
if the power generated by the DC source 104, P, is less than 
the predetermined power threshold, P., the control circuit 
306 enters a “log mode.” and method 600 advances to block 
606 in which the control circuit 306 determines whether line 65 
Voltage of the AC grid, Vne (Vne Viel-Vie2), is at a rising 
Zero-crossing (i.e., the Voltage waveform is rising and at 

10 
approximately zero volts). If not, the method 600 loops back 
to block 606 until it is determined that the voltage of the AC 
grid 102 is at a rising Zero-crossing. It should be appreciated, 
however, that in other embodiments other reference points of 
the voltage of the AC grid 102 may be used. For example, in 
Some embodiments, the falling Zero-crossing of the Voltage of 
the AC grid 102 may be used in block 606 (and 610). 

If the voltage of the AC grid 102 is determined to be at a 
rising Zero-crossing, the method 600 advances to block 608 in 
which a minimum value for the Voltage of the DC bus 304, 
V, is determined. In the illustrative embodiment, the 
minimum DC bus voltage is determined such that the mini 
mum DC bus Voltage is greater than the AC grid Voltage and 
the voltage of the DC source 104. For example, the minimum 
DC bus voltage may be set equal to the maximum of the 
average line Voltage, V, and the Voltage of the DC source 
104 as reflected on the secondary side of the transformer 402. 
nV (whereinn is the number of turns of the transformer 402). 
In one particular embodiment, the minimum DC bus Voltage 
is determined according to the following equation: 
Va., no max (V12 V, n.), nV.IV, wherein 
V, , is the minimum Voltage of the DC bus 304, V, 
is the root-mean-square Voltage of the AC grid 102, n is the 
turn ratio of a transformer of the input converter, V is the 
voltage of the DC source 104, and V, is a predetermined 
Voltage margin. Of course, in other embodiments, other algo 
rithms may be used to determine V, For example, in 
some embodiments, V may be set to a predetermined, 
constant value. 

In block 610, the control circuit 306 estimates or predicts 
the voltage of the DC bus 304 at the next subsequent rising 
Zero-crossing, V, of the line Voltage, V of the AC 
grid 102. The voltage of the DC bus 304 at the next subse 
quent rising Zero-crossing. V. may be determined 
based on the present voltage of the DC bus 304, V, and the 
power generated by the DC source 104, P. For example, in 
one embodiment, the voltage of the DC bus 304 at the next 
Subsequent rising Zero-crossing. V, is determined 
based on the present voltage of the DC bus 304, V, the 
power generated by the DC source 104, P, the capacitance 
value of the DC bus capacitor 480, C, and the line fre 
quency of the AC grid 102, f. In one particular embodi 
ment, the voltage of the DC bus 304 at the next subsequent 
rising Zero-crossing. V, , is determined according to the 
following equation: V. (Va.)+(2*P.)/(C.* 
f.)", wherein V, , is the estimated voltage of the DC 
bus 304 at the next Subsequent rising Zero-crossing of the line 
voltage of the AC grid 102, V is the present voltage of the 
DC bus 304, P is the amount of power provided by the DC 
Source 104, C is the capacitance of the DC bus capacitor, 
and f is the line frequency of the AC grid. 

After the control circuit 306 has determined the minimum 
DC bus voltage and estimated the voltage of the DC bus 304 
at the next Subsequent rising Zero-crossing, the method 600 
advances to block 612 wherein the control circuit 306 deter 
mines whether the estimated/predicted voltage of the DC bus 
304 at the next Subsequent rising Zero-crossing, V, is 
greater than a predetermined maximum Voltage for the DC 
bus 304, V . The predetermined maximum voltage for 
the DC bus 304, V, may be set to any suitable value 
greater than the peak of the line voltage of the AC grid 102, 
V. For example, in one particular embodiment, the prede 
termined maximum voltage for the DC bus 304, V, , is 
set to about 480 volts, but other voltage levels may be used in 
other embodiments. 

If the estimated/predicted voltage of the DC bus 304 at the 
next Subsequent rising Zero-crossing, V, , is not greater 

bits naiva 
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than a predetermined maximum voltage for the DC bus 304, 
V, the method 600 loops back to block 606 to continue 
monitoring for the next rising Zero-crossing of the line Volt 
age of the AC grid 102. If, however, the voltage of the DC bus 
304 at next Subsequent rising Zero-crossing, Va., is 
greater than a predetermined maximum Voltage for the DC 
bus 304, V, , the method 600 advances to block 614 in 
which an output power in jog mode, Pog, is determined. The 
output power in jog mode, P is the power to be supplied 
from the DC bus 304, in addition to the available powerform 
the DC source 104, P, to the output converter 302 to reduce 
the estimated voltage of the DC bus 304 at next subsequent 
rising Zero-crossing, V, to the minimum DC bus Volt 
age V, determined in block 608. As such, the output 
power in jog mode, P. may be determined based on the 
current voltage of the DC bus 304, V, and the minimum DC 
bus Voltage V . For example, in one embodiment, the 
output power in jog mode, P is determined based on cur 
rent voltage of the DC bus 304, V, the minimum DC bus 
Voltage V, the capacitance value of the DC bus capaci 
tor 480, C, and the line frequency of the AC grid 102, f. 
In one particular embodiment, the output power in jog mode, 
P is determined according to the following equation: 
P-0.5*C*(V)-(V, ) *f, wherein P is 
the output power in jog mode, C is the capacitance of the 
DC bus capacitor, V is the present voltage of the DC bus 
304, V, , is the minimum DC bus Voltage determine in 
block 608, and f is the line frequency of the AC grid 102. 

After the control circuit 306 determines the output power in 
jog mode, P, the method 600 advances to block 616 in 
which the output converter 302 is enabled and the output 
current, I, from the output converter 302 is controlled to 
provide the output power in jog mode, P. determined in 
block 614. To cause the determined output current, I, the 
control circuit 306 may control the duty cycle of the output 
converter 302 via the control signal, qoc, qoc2, docs, qoca, 
as discussed above. After the output converter 310 has been 
enabled and controlled to produce the output power in jog 
mode, P, the method 600 loops back to block 602 in which 
the control circuit 306 again determines whether the power 
generated by the DC source 104, P, is greater than a prede 
termined power threshold, P. In this way, the control circuit 
306 is configured to enter a jog mode if the current output 
power of the DC source 104 is less than a predetermined 
power output. In jog mode, the control circuit 306 transfers 
some energy stored in the DC bus 304 to the AC grid 102 if an 
estimated voltage level of the DC bus 304 at the next rising 
Zero-crossing of the line voltage of the AC grid 102 is above 
a determined minimum voltage. The amount of energy trans 
ferred is determined such that the voltage of the DC bus 304 
is reduced to the determined minimum Voltage. In this way, 
the voltage on the DC bus 304 is maintained between the 
determined minimum Voltage and a predetermined maximum 
Voltage while in jog mode. 

Referring now to FIG. 7, one illustrative embodiment of a 
control topology 700 included in the control circuit 306 is 
illustrated. The control topology 700 may be implemented in 
hardware, firmware, or a combination thereof. The illustrative 
control topology 700 includes a run mode section 702 and a 
jog mode section 704. The jog mode section 704 implements 
the control method illustrated in and described above in 
regard to FIG. 6. For example, the control topology 700 
includes a switch 710 controlled by a mode command to 
switch the control topology 700 between run mode and jog 
mode. When injog mode, another switch 712 is controlled by 
an output converter enable signal, EN. If the output con 
verter is enabled (see block 616 of method 600), an initial line 
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current, i.e. is determined based on a calculation block 714. 
In block 714, 1, is determined according to the following 
equation: 1 (P+P)/v als, wherein Ps is the current 
power generated by the DC power source 104, Pog is the 
output power in jog mode as determined in block 616 of 
method 600, and V, is the root-mean-square value 
(RMS value) of the line voltage of the AC grid 102. In block 
716, the initial line current, 1 is capped at a maximum line 
Voltage, in to generate a maximum line current, 1. 
Subsequently, in block 718, the desired output current of the 
output converter 302, it is determined according to the 
following equation: i. i*cos(0+(p+0ss)/cos (cp). 
wherein1 is the maximum line current determined in block 
716, 0 is the phase angle of the voltage of the AC grid 102, (p 
is the phase difference between the phase of the current deliv 
ered to the AC grid 102 and the phase of the AC grid voltage, 
and Oss is a variable phase shift. The variable phase shift, 
Oss, which is based on a slip-mode shift (SMS) algorithm, is 
used to create disturbances that help the inverter 106 detect 
island conditions that may occur from time to time on the AC 
grid 102. The variable phase shift, Oss, is determined in 
block 720 according to the following equation: 0 sin 
|TC(f-f))/2(f-f))), wherein 0, is the phase amplitude 
(e.g., 30 degrees), f is the frequency of the line Voltage of 
the AC grid 102, f is a constant equal to the normal value of 
the grid frequency (e.g., 60 HZ), and f is a constant slightly 
larger than the normal value of the grid frequency (e.g., 62 
Hz). As discussed above, the desired output current of the 
output converter 302, is is generated by controlling the 
duty cycle of the output converter 302 via the control signal, 
Cloc1, COC2, Cloc3 COC4. 

Referring now to FIGS. 8-10, graphs of various signals 
generated during the execution of the method 600 are illus 
trated. In the illustrative embodiment of FIGS. 8-10, V, 
was set to 480 Volts, and the capacitance of the bus capacitor, 
C, was set to 23.4 uF. In FIG. 8, a graph 800 illustrates the 
power generated by the DC power source 104, which 
increases from an initial value of about 25 Watts to a final 
value of about 80 Watts. In FIG.9, a graph900 of the voltage 
902 of the DC bus 304, V, and of the voltage 904 of the AC 
grid102 are illustrated. Additionally, in FIG. 10, a graph 1000 
of the current supplied to the AC grid 102 by inverter 106, i. 
is shown. Based on the graphs 800, 900, 1000, it should be 
appreciated that the voltage of the DC bus 304, V, never 
exceeds the maximum bus Voltage, Va., , which was set to 
480 volts. Additionally, the voltage of the DC bus 304, V. 
is always above the peak voltage of the AC grid 102. Addi 
tionally, the amount of output current, it supplied to the AC 
grid 102 during jog mode depends on the power Supplied by 
the DC power source 104, Ps, which dictates how fast the bus 
capacitor 480 is discharged. 

There is a plurality of advantages of the present disclosure 
arising from the various features of the apparatuses, circuits, 
and methods described herein. It will be noted that alternative 
embodiments of the apparatuses, circuits, and methods of the 
present disclosure may not include all of the features 
describedyet still benefit from at least some of the advantages 
of such features. Those of ordinary skill in the art may readily 
devise their own implementations of the apparatuses, circuits, 
and methods that incorporate one or more of the features of 
the present disclosure and fall within the spirit and scope of 
the present invention as defined by the appended claims. 
The invention claimed is: 
1. A direct current (DC)-to-alternating current (AC) 

inverter comprising: 
an input converter having an input configured to receive a 
DC input power from a DC energy source: 
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an output converter having an AC output configured to 
Supply an AC output power to an AC grid; 

a DC bus coupled to the input converter and the output 
converter, and 

a control circuit electrically coupled to the input converter 5 
and the output converter, wherein the control circuit is 
configured to: 
disable the output converter in response to a determina 

tion that the DC input power of the DC-to-AC inverter 
is less than a first reference threshold; 

determine an estimated future voltage of the DC bus 
based on a present voltage of the DC bus; and 

enable, Subsequent to the disablement of the output con 
verter, the output converter in response to the deter 
mination that the estimated future voltage of the DC 
bus is greater than a second reference threshold. 

2. The DC-to-AC inverter of claim 1, wherein to to deter 
mine the estimated future Voltage comprises to determine an 
estimated voltage of the DC bus for a future reference point of 20 
a grid Voltage or a grid current of the AC grid. 

3. The DC-to-AC inverter of claim 2, whereinto determine 
the estimated voltage of the DC bus comprises to determine 
the estimated voltage of the DC bus based on the DC input 
power. 25 

4. The DC-to-AC inverter of claim 2, whereinto enable the 
output converter comprises to: 

determine a minimum DC bus voltage for the future refer 
ence point of the grid Voltage or the grid current of the 
AC grid; and 30 

transfer energy from the DC bus to the AC output to reduce 
the voltage of the DC bus to the minimum DC bus 
Voltage. 

5. The DC-to-AC inverter of claim 4, whereinto determine 
the minimum DC bus Voltage comprises to determine a mini 
mum DC bus voltage for the future reference point of the grid 
Voltage or the grid current of the AC grid as a function of (i) 
the grid voltage of the AC grid and (ii) a DC voltage of the DC 
input power. 40 

6. The DC-to-AC inverter of claim 1, wherein the control 
circuit is further configured to cycle the output converter 
between an enabled state and a disabled state while the DC 
input power is less than the first reference threshold to main 
tain a voltage of the DC bus between a minimum reference 45 
Voltage and the first reference Voltage. 

7. The DC-to-AC inverter of claim 1, wherein the DC bus 
comprises a bus capacitor coupled to a DC output of the input 
converter and a DC input of the output converter. 

8. A method for increasing the efficiency of a direct current 50 
(DC)-to-alternating current (AC) inverter, the method com 
prising: 

disabling an AC output of the DC-to-AC inverter in 
response to a DC input power of the DC-to-AC inverter 
being less than a first reference threshold; 55 

determining an estimated future voltage of a DC bus of the 
DC-to-AC inverter based on a present voltage of the DC 
bus; and 

enabling, Subsequent to disabling the AC output of the 
DC-to-AC inverter, the AC output in response to the 60 
estimated future voltage of the DC bus of the DC-to-AC 
inverter being greater than a second reference threshold. 

9. The method of claim 8, wherein disabling the AC output 
of the DC-to-AC inverter comprises disabling a DC-to-AC 
output converter of the DC-to-AC inverter. 65 

10. The method of claim 8, wherein determining the esti 
mated future Voltage of the DC bus comprises determining an 
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estimated voltage of the DC bus for a future reference point of 
a grid Voltage or a grid current of an AC gridcoupled to the AC 
output. 

11. The method of claim 10, wherein determining the esti 
mated Voltage of the DC bus comprises determining the esti 
mated voltage of the DC bus based on the DC input power. 

12. The method of claim 10, wherein enabling the AC 
output of the DC-to-AC inverter comprises: 

determining a minimum DC bus voltage for the future 
reference point of the grid Voltage or the grid current of 
the AC grid; and 

transferring energy from the DC bus to the AC output to 
reduce the voltage of the DC bus to the minimum DC bus 
Voltage. 

13. The method of claim 12, wherein determining the mini 
mum DC bus Voltage comprises determining a minimum DC 
bus voltage for the future reference point of the grid voltage or 
the grid current of the AC grid as a function of (i) the grid 
voltage of the AC grid and (ii) a DC voltage of the DC input 
power. 

14. The method of claim 8, further comprising cycling the 
AC output of the inverter between an enabled state and a 
disabled state while the DC input power of the DC-to-AC 
inverter is less than the first reference threshold to maintain a 
voltage of the DC bus of the inverter between a minimum 
reference Voltage and the first reference Voltage. 

15. A direct current (DC)-to-alternating current (AC) 
inverter comprising: 

an input converter having an input configured to receive a 
DC input power from a DC energy source: 

an output converter having an AC output configured to 
Supply an AC output power to an AC grid; 

a DC bus coupled to the input converter and the output 
converter, and 

a control circuit electrically coupled to the input converter 
and the output converter, wherein the control circuit is 
configured to (i) determine an estimated future Voltage 
of the DC bus based on a present voltage of the DC bus 
and (ii) cycle the output converter between an enabled 
and a disabled state while the DC input power is less than 
a first reference threshold, wherein the output converter 
is cycled to the enabled state in response to the estimated 
future voltage of the DC bus being greater than a second 
reference threshold. 

16. The DC-to-AC inverter of claim 15, wherein to deter 
mine the estimated future voltage of the DC bus comprises to 
determine an estimated voltage of the DC bus for a future 
reference point of a grid Voltage or a grid current of the AC 
grid. 

17. The DC-to-AC inverter of claim 16, wherein to deter 
mine the estimated voltage of the DC bus comprises to deter 
mine the estimated voltage of the DC bus based on the DC 
input power. 

18. The DC-to-AC inverter of claim 16, wherein the control 
circuit is configured to: 

determine a minimum DC bus voltage for the future refer 
ence point of the grid Voltage or the grid current of the 
AC grid; and 

cycle the output converter to the enabled state to transfer 
energy from the DC bus to the AC output to reduce the 
voltage of the DC bus to the minimum DC bus voltage in 
response to the estimated voltage of the DC bus being 
greater than the second reference threshold. 

19. The DC-to-AC inverter of claim 18, wherein to deter 
mine the minimum DC bus Voltage comprises to determine a 
minimum DC bus voltage for the future reference point of the 
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grid Voltage or the grid current of the AC grid as a function of 
(i) the grid voltage of the AC grid and (ii) a DC voltage of the 
DC input power. 

16 


